Theoretical investigation of the stability of highly charged C60 molecules produced with intense near-infrared laser pulses by 河野  裕彦
Theoretical investigation of the stability of
highly charged C60 molecules produced with
intense near-infrared laser pulses
著者 河野  裕彦
journal or
publication title
Journal of Chemical Physics
volume 125
number 18
page range 184306-1-184306-10
year 2006
URL http://hdl.handle.net/10097/46219
doi: 10.1063/1.2371109
Theoretical investigation of the stability of highly charged C60 molecules
produced with intense near-infrared laser pulses
Riadh Sahnoun, Katsunori Nakai, Yukio Sato, Hirohiko Kono,a and Yuichi Fujimura
Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan
Motohiko Tanaka
National Institute of Fusion Science, Toki 509-5292, Japan
Received 24 August 2006; accepted 29 September 2006; published online 10 November 2006
We theoretically investigated the stability of highly charged C60
z+ cations produced from C60 with an
ultrashort intense laser pulse of 1800 nm. We first calculated the equilibrium structures and
vibrational frequencies of C60
z+ as well as C60. We then calculated key energies relevant to
dissociation of C60
z+
, such as the excess vibrational energy acquired upon sudden tunnel ionization
from C60. By comparing the magnitudes of the calculated energies, we found that C60
z+ cations up to
z12 can be produced as a stable or quasistable microsecond-order lifetime intact parent cation,
in agreement with the recent experimental report by V. R. Bhardwaj et al. Phys. Rev. Lett. 93,
043001 2004 that almost only intact parent C60
z+ cations up to z=12 are detected by a mass
spectrometer. The results of Rice-Ramsperger-Kassel-Marcus calculation suggest that the lifetime of
C60
z+ drastically decreases by ten orders of magnitude as z increases from z=11 to z=13. Using the
time-dependent adiabatic state approach, we also investigated the vibrational excitation of C60 and
C60
z+ by an intense near-infrared pulse. The results indicate that large-amplitude vibration with energy
of 10 eV is induced in the delocalized hg1-like mode of C60
z+
. © 2006 American Institute of
Physics. DOI: 10.1063/1.2371109
I. INTRODUCTION
Gas phase physics and chemistry of singly and multiply
charged fullerene ions ranges from collision-induced electron
transfer1 to multiple derivatization or ion-induced
polymerization.2 Both positively and negatively charged
fullerenes can be produced routinely in various types of ion
sources. For example, collisions of highly charged ions with
neutral C60 yield C60
z+ cations with charges up to z=10.3–6
Recently, Bhardwaj et al.7 reported that an intense, short la-
ser pulse of wavelength 1800 nm light intensity I
1015 W/cm2 and pulse length Tp70 fs can be used to
ionize C60 up to even higher charge states almost without
fragmentation. In their experiment, intact parent C60
z+ cations
up to z=12 were detected by time-of-flight TOF mass spec-
trometry. C60
12+ is the highest charge state of C60 ever re-
ported. In contrast, severe fragmentation occurs in the case
of =800 nm and the highest charge state of the parent cat-
ions produced is C60
5+
.
8
Much attention has recently been paid to the competition
between ionization and fragmentation of large molecules
such as fullerenes.9,10 C60
z+ cations produced by a short inter-
action with highly charged ions or a laser pulse can decay
spontaneously to charged fragments through vibrational en-
ergy redistribution if the Coulomb repulsion forces approach
the chemical binding forces. A fundamental question that
arises is up to which cationic level C60 can survive as an
intact parent ion. In this regards, several theoretical attempts
to determine the Coulomb stability limit zlim, i.e., the maxi-
mum charge z for which C60
z+ is stable, were started in the
mid-1990s. From the atomization energies of C60
z+ obtained
by combining Hartree-Fock and semiempirical calculations,
Cioslowski et al.11 predicted zlim=10. Bastug et al.12 pro-
posed zlim=13 on the basis of relativistic Dirac-Fock-Slater
calculations.
Indeed, measurements of the kinetic energy release asso-
ciated with the emission of C2
+ from excited C60
z+ have re-
vealed the existence of fission barriers.5,13 The C2-loss dis-
sociation is the fission channel with the lowest barrier. None
of the above theoretical studies has considered the existence
of fission barriers in the evaluation of zlim. Simple models
have been proposed to explain the origin of fission barriers.
Scheier et al.13 proposed that the barrier originates from the
crossing of two potential curves: the attractive curve between
C2 and C58
z+ and the repulsive curve between C2
+ and C58
z−1+
.
Zettergren et al.14 used a conducting sphere model where the
fission barriers arise owing to the short range attractive in-
teraction between two conducting spheres of charges +1 and
+z−1. They predicted zlim=18, i.e., C60
z+ has no fission bar-
riers for z18. Seifert et al.15 carried out molecular dynam-
ics MD simulation combined with a simplified density
functional treatment in which the Coulomb repulsive inter-
actions were described by using a point-charge approxima-
tion, and they concluded that zlim=16–19. The effects of
fission barriers on the dissociations of C60
z+ are included in
their on-the-fly MD treatment.
The analysis of the experimental results requires the ac-
curate knowledge of the structures and energy barriers of
C60
z+
. Using density functional theory DFT, Díaz-Tendoro et
al.16,17 recently obtained the fission barrier heights foraElectronic mail: hirohiko-kono@mail.tains.tohoku.ac.jp
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C2-loss dissociation of C60
z+ as well as the equilibrium struc-
tures of C60
z+
. The lowest fission barrier of C60
z+ for z8 cor-
responds to C2
+ emission, whereas the lowest barrier for
higher z values corresponds to the emission of two atomic
fragments 2Cs+ with s2. They concluded that the fission
barrier for C2-loss exists for z14.
Most of the theoretical works cited above, except the
MD simulation,15 are devoted to investigation of static prop-
erties of C60
z+ such as the atomization energies and fission
barriers. However, the dynamical effects involved in the cat-
ion creation processes should be examined for full under-
standing of the stability of highly charged C60
z+
. Since the
dissociation of C60
z+ is basically caused by slow statistical pro-
cesses on a time scale of microseconds, it is difficult to theo-
retically trace the long time behavior of the dissociation dy-
namics. We therefore discuss in this paper the stability of C60
z+
by comparing the initial deposit energy, i.e., the amount of
energy stored in a cation through the interaction with a laser
pulse, to other energies relevant to dissociation such as the
barrier height of C2-loss dissociation.
As an initial deposit energy, we have calculated the ex-
cess vibrational energy acquired by C60
z+ upon sudden tunnel
ionization. This type of energy originating from the differ-
ence in the equilibrium geometry between C60
z+ and C60 can
flow into dissociation channels, as well as thermal energy.
The amount of these initial deposition energies should be
compared to the energy required for the appearance of C2
fragments of C60
z+
. The appearance energy for a fragment is
considered to be the sum of the fission barrier height and the
excess energy required for the corresponding fragmentation
to take place within a certain time frame of the detection
system. We have estimated this excess energy called the ki-
netic shift18 by using a Rice-Ramsperger-Kassel RRK or
Rice-Ramsperger-Kassel-Marcus RRKM rate formula.19
We have also examined how much vibrational energy is ac-
quired by C60
z+ through field-induced molecular polarization
impulsive Raman excitation.20 Breathing vibrational modes
such as the hg1-like mode prolate-oblate motion can be
impulsively excited by an intense near-infrared IR laser
pulse if the pulse duration is as short as the period of the
vibrational mode. We discuss whether the energy of field-
induced large-amplitude hg1-like vibration is efficiently
used for dissociation of C60
z+ or not.
In this paper, we report the results of our theoretical
investigation of the stability limit of C60
z+ produced with an
excess vibrational energy upon ionization of C60 by an in-
tense short laser pulse of wavelength as long as 
1800 nm. The structure of the paper is as follows. The
computational method and procedure are outlined in Sec. II.
In Sec. III A, we present the equilibrium structures and vi-
brational frequencies of C60 and C60
z+ cations obtained by us-
ing DFT. In Sec. III B, by using the Keldysh parameter,21 we
show that in the long-wavelength case of 1800 nm C60
and C60
z+ are ionized through tunneling processes. We also
show that the population transfer to intermediate excited
electronic states is negligible. In Sec. III C, we discuss the
stability limit of C60
z+ by taking into account four relevant
energies: the excess vibrational energy upon sudden tunnel
ionization, thermal energy, fission barrier, and kinetic shift.
In Sec. III D, we present the results of simulation of impul-
sive Raman vibrational excitation20 for the hg1 mode of
C60 or the hg1-like mode of C60
z+ interacting with near-IR
pulses. The simulations were performed on the basis the
time-dependent TD adiabatic state approach.22,23 The vibra-
tional energy gained by the end of the interaction with an
incident pulse is obtained as a function of the peak light
intensity and pulse duration. A summary and conclusions are
given in Sec. IV.
II. COMPUTATIONAL OUTLINE
The energy calculations and geometry optimizations of
neutral C60 and C60
z+ were performed at the hybrid B3LYP
level of the DFT method.24 Hereafter, C60 denotes a neutral
C60 unless otherwise noted. In the B3LYP method, the
Hartree-Fock-type exchange functional is mixed together
with the exchange functional of Becke’s 1988 version25 and
that of the local density approximation. The correlation func-
tional is the Lee-Yang-Parr functional with nonlocal
corrections.26 All of the B3LYP calculations were carried out
using the GAUSSIAN 98 Ref. 27 and GAUSSIAN 03 Ref. 28
suites of programs. Two kinds of basis sets, 3-21G and
6-31Gd implemented in the Gaussian suites of programs,
were used. The results presented in this work are those ob-
tained using the 6-31Gd, unless otherwise indicated.
The cations C60
z+ investigated in the present work range
from z=1 to z=18. The equilibrium structure of C60 in its
ground electronic state belongs to the point group Ih, but the
levels of symmetry for the structures of the cations except
C60
10+ are lower than Ih owing to static Jahn-Teller
distortions.29–32 The structure of C60
10+ belongs to Ih because
all of the ten electrons in the fivefold degenerate hu highest
occupied molecular orbitals HOMOs of C60 are removed.
The geometries of even and odd charge states of C60
z+ were
optimized for the lowest singlet and doublet electronic states,
respectively. In addition, for C60
12+ of which the electronic
ground state is a triplet state, we carried out a geometry
optimization for the triplet state as well as for the singlet
state. All of the structures were identified by the number of
imaginary frequencies calculated from the analytical Hessian
matrix.
III. RESULTS
A. Structures and vibrational frequencies
of C60 and C60z+
Normal mode analysis of C60
z+ has shown that for z14
the optimized structure corresponds to a potential minimum,
as reported by Díaz-Tendero et al.16,17 The 174 vibrational
frequencies of C60
z+ obtained by using B3LYP/6-31Gd are
plotted in Fig. 1 for each charge state. The calculated vibra-
tional frequencies of C60 agree with experimentally deter-
mined frequencies,33,34 within marginal experimental uncer-
tainty. The vibrational frequencies of C60
z+ for z10 are
almost as high as those of C60, suggesting the existence of
high fission barriers for z10.
The calculated energies of C60 and C60
z+ are summarized
in Table I along with the adiabatic ionization energies EIz
of C60
z+ and the expectation values of the square of magnitude
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of the total spin angular momentum, S2, for the doublet
electronic states of odd charge states. The quantity Eaz de-
notes the energy of C60
z+ at its equilibrium structure and Evz
denotes the energy of C60
z+ at the optimized Ih structure of C60.
As shown in Table I, the spin contamination for the doublet
electronic state is very small 0.75 S20.77 after anni-
hilation of the first spin contaminant, indicating that the re-
sultant DFT descriptions provide reliable geometries and en-
ergies.
The calculated bond lengths of C60 and C60
z+ for the
6-31Gd basis set are shown in Fig. 2. There are two types
of C–C bond: a C–C bond in a pentagon of C60 or C60
z+ and a
C–C bond connecting two pentagons. The bond length of the
former type is denoted by rp and the bond length of the latter
type is denoted by rp-p. For C60 and C60
10+
, as shown in Fig. 2,
two types of bond are clearly characterized by only two bond
lengths, which therefore feature the Ih symmetry. The calcu-
lated bond lengths of C60 are rp-p=1.395 Å, which is identi-
FIG. 1. Vibrational frequencies of C60 and C60z+ calculated by using
B3LYP/6-31Gd. For each charge state, the values of 174 vibrational fre-
quencies are marked with crosses .
TABLE I. Energies of C60 and C60z+ calculated at B3LYP/6-31Gd level of DFT along with the expectation
values of the square of the magnitude of the total spin angular momentum, S2, for the doublet electronic states
of odd charge states. Eaz is the energy of C60z+ at its equilibrium structure in units of hartrees, and Evz is the
energy of C60z+ at the equilibrium structure of neutral C60 in units of hartrees. EIz denotes the adiabatic
ionization energy of C60z+ in units of eV. S2 before and after annihilation of the first spin contaminant are given
in the last two columns.
Charge z
of C60z+ Eaz Evz EIz
S2 before
annihilation
S2 after
annihilation
0 −2286.1745 −2286.1745 7.16
1 −2285.9113 −2285.9086 10.40 0.7537 0.7500
2 −2285.5293 −2285.5187 13.61
3 −2285.0290 −2285.0174 16.85 1.4621 0.7733
4 −2284.4098 −2284.3907 20.09
5 −2283.6713 −2283.6584 23.42 0.8079 0.7526
6 −2282.8105 −2282.7944 26.60
7 −2281.8332 −2281.8121 29.86 0.7628 0.7501
8 −2280.7359 −2280.7093 33.12
9 −2279.5188 −2279.4947 36.31 0.7556 0.7500
10 −2278.1846 −2278.1544 40.37
11 −2276.7008 −2276.6525 43.50 0.7739 0.7505
12 −2275.1023 −2275.0266 46.56
13 −2273.3911 −2273.2950 49.74 0.8251 0.7544
14 −2271.5633 −2271.4177
FIG. 2. Distribution of the calculated C–C bond lengths of C60 and C60z+. For
each charge state, the values of 30 rp-p are marked with crosses  and the
values of 60 rp are marked with open circles , where rp-p denotes the
length of a C–C bond connecting two pentagons of C60 or C60z+ and rp denotes
the length of a C–C bond in a pentagon. For avoidance of congestion of
marks, the two types of symbol for each charge state are plotted with a small
horizontal gap.
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cal to the C–C bond length of benzene, and rp=1.453 Å. For
the other cations, the number of independent C–C bond
lengths exceeds 2, indicating symmetry reduction from Ih. In
the case of symmetry reduction to D5d, D3d, and D2h point
groups, there exist 7, 10, and 15 independent C–C bond
lengths, respectively.29 For instance, the effective symmetry
of C60
+ can be assigned to D5d, because there are practically
seven independent C–C bond lengths.
C60 and C60
+ differ only slightly in the vibrational fre-
quency distribution and optimized equilibrium structure, as
shown in Figs. 1 and 2. This means that the transition to the
vibrational state with the same quantum number is strongly
favored for all vibrational modes. This agrees with the ex-
perimental fact that the ion signal rises steeply at the ioniza-
tion threshold of C60.35
As shown in Fig. 2, the width in the distribution of the
bond lengths attains its maximum at z=4–7, and the width
then decreases toward the two characteristic bond lengths of
C60
10+ of Ih symmetry. The upper line in Fig. 2 indicates the
average of 60 rp values, rp, and the lower line indicates the
average of 30 rp-p values, rp-p. When z increases from
z=0 to z=10, rp-p increases by 0.03 Å while rp remains
nearly constant. This indicates that the rp-p bonds gradually
lose their double-bond character as z increases. On the other
hand, Coulomb repulsion among charged C atoms does not
significantly affect the structures of C60
z+ cations up to z=10.
If so, as predicted by Eq. 1 below, the radius of C60
z+ should
increase with z in order that the increase in Coulomb repul-
sion energy could be suppressed the second term in the
square brackets of Eq. 1 is negligible. In this case, both of
rp-p and rp should increase with z almost in the same way,
as in the region of z10.
We have also calculated the optimized structure of C60
z+
using the 3-21G basis set and found that C60
z+ for z14 has a
stable structure as in the case of the 6-31Gd basis set. The
results for 3-21G quantitatively agree with those for
6-31Gd. In the case of z13, the bond lengths for 3-21G
are only slightly longer than those for 6-31Gd by less than
0.8%. Only for z=14, the maximum bond length for
3-21G is larger than that for 6-31Gd by more than 1%.
For z10, both rp-p and rp drastically increase be-
cause of large Coulomb repulsion energy, as shown in Fig. 2.
Yet, even at z=14, the maximum bond length is still smaller
than the C–C bond length of ethane or diamond 1.54 Å.
The results of Mulliken population analysis MPA or natural
population analysis NPA36 indicate that the positive charge
of each cation is nearly equally distributed among all of the
C atoms. For instance, the maximum charge of C atoms of
C60
12+ obtained by MPA is +0.208 and the minimum is +0.190.
The maximum charge obtained from NPA is +0.217 and the
minimum is +0.184. Hence, the Coulomb repulsion energy is
not localized between a specific pair of adjacent C atoms,
which contributes to the stability of the cation.
The Coulomb repulsion energy ECz calculated from the
MPA or NPA values of individual atomic charges of C60
z+ well
fits into a formula derived from the equal distribution model
of charge z over 60 C atoms,
ECz = 14.401552 + 75 − 0.9402
z/602
R
, 1
where ECz is given in units of eV, = rp-p / rp, and R is
the average radius of C60
z+ in units of angstroms. The Cou-
lomb repulsion energy is thus simply proportional to z2 / R
the prefactor is nearly constant.15 For z=14, the Coulomb
repulsion energy is 333 eV for which R=3.65 Å and 
=0.988. Therefore, the average Coulomb repulsion energy
per C–C bond, 3.7 eV, is still less than the C–C bond
dissociation energy of C60 4.6 eV. This electrostatic con-
sideration is consistent with the present theoretical results
showing that C60
z+ for z14 has a stable structure despite the
considerable elongation of rp-p-type bonds.
However, the existence of a “static” stable structure does
not necessarily mean that the cation created by a laser pulse
maintains its intact form without fragmentation. In the fol-
lowing subsections, we discuss the stability of cations C60
z+
produced with an intense ultrashort pulse of 1800 nm by
taking into account parts of the initial deposit energy such as
the excess vibrational energy acquired by C60
z+ upon ioniza-
tion.
B. Tunnel ionization and electronic excitation
This subsection is devoted to discussion of the mecha-
nism of ionization of C60 and C60
z+
. We also examine whether
or not electronic excited states are significantly populated
prior to ionization or dissociation.
Intense laser fields of light intensity I1013 W/cm2 sig-
nificantly distort the Coulombic potential that the electrons
are placed in; the distorted potential forms a “quasistatic”
barrier through which an electron can tunnel.21,37–39 Tunnel
ionization occurs if an electron in a molecule has enough
time to penetrate the distorted ionization barriers before the
sign of the electric field changes, i.e., if the light intensity is
high and the optical period =2 / is long, where  is the
laser frequency.37 The tunnel ionization regime can be dis-
tinguished by using the Keldysh parameter 	 defined in
atomic units as21
	 = 2EIz/ft , 2
where ft is the envelope function for the oscillating electric
field 
t at time t f2t /2 is the envelope of the intensity.
The condition for quasistatic tunnel ionization is character-
ized by 	1, whereas the condition for conventional multi-
photon ionization is characterized by 	1.
We evaluated 	 to discuss the mechanism of ionization
of C60
z+
. For the same parameters as those used in the
experiment7 light intensity I1015 W/cm2 and 
1800 nm, 	 is much smaller than unity. Even for the ion-
ization of C60
12+
, 	 is only 0.28. In this estimation of 	, we
used the calculated adiabatic ionization energies EIz of C60
z+
in Table I obtained for the 6-31Gd basis set, which are well
fitted to a linear function of z as EIz	6.99+3.29z eV.
The Keldysh parameter for the 3-21G basis set is nearly the
same as that for 6-31Gd, through EIz for 3-21G are
higher than EIz for 6-31Gd by 0.6–0.8 eV. Shchatsinin et
al.40 have proposed a formula, EIz= 7.6+4.248z eV, that
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reproduces the experimentally determined ionization ener-
gies EIz up to z=4 see also the experimental data on ion-
ization energies in Ref. 17. For larger z, the ionization en-
ergy EIz predicted by this formula is much larger than the
DFT value. However, the value of 	 evaluated using the
formula of Shchatsinin et al. is also as small as 0.31 for the
ionization of C60
12+
.
Since all of the evaluated values of 	 are less than unity,
we assume that the dominant ionization process is quasistatic
tunnel ionization or “over-the-barrier” ionization if the
height of the Coulombic potential barrier for ionization is
pushed down below the energy of the initial state. Tunnel
ionization, or over-the-barrier ionization, takes place almost
instantaneously within a half optical cycle, i.e., when the
laser electric field attains the maximum or minimum in an
optical cycle. Recent theoretical works support that sequen-
tial multiple ionization of C60 by a long-wavelength
1800 nm pulse is classified as tunnel ionization.41,42 Un-
der the condition that 	1, there exist quasistatic tunnel
ionization processes in which the molecule is ionized di-
rectly from the ground electronic state to continuum elec-
tronic states called Volkov states.21
Another possible ionization process is tunnel ionization
via intermediate electronic excited states. If this is the case, it
is also necessary to consider whether or not the energies of
populated excited states can be converted to dissociation.
The probability of population transfer to an intermediate ex-
cited electronic state 
u from the initial ground electronic
state 
g can be estimated by calculating the field-induced
nonadiabatic transition probability between the two time-
dependent TD adiabatic states 
1 and 
2 constructed from

g and 
u under consideration.43 The TD adiabatic states

nt ,n=1,2 , . . .  are defined as the eigenfunctions of the
“instantaneous” electronic Hamiltonian HRj , t including
the dipole interaction with a laser electric field 
t,22,23
where Rj is a set of relevant vibrational coordinates.
The time scale of electronic response of the molecule is
in general characterized by 1/Eug, where Eug is the en-
ergy gap between 
u and 
g. In the case where the temporal
change in 
t is much slower than the electronic response of
the molecule, i.e., Eug, the molecule adiabatically fol-
low the change in 
t and can stay in the same TD adiabatic
state. On the other hand, significant breakdown of adiabatic-
ity with respect to t can occur if  is as large as Eug. The
field-induced nonadiabatic transition probability per half op-
tical cycle per level crossing between the two TD adiabatic
states is given by the Landau-Zener formula in atomic
units:43–45
Pnonad = exp− Eug
2 /4ugft , 3
where ug is the transition dipole moment between 
u and

g. The probability Pnonad can be increased as the intensity or
frequency is increased.
For C60, Pnonad is the largest in the case where the ex-
cited state 6 1T1u is chosen as 
u; the probabilities Pnonad of
transitions to other excited states are at least by one order of
magnitude smaller than that for 6 1T1u. We used the follow-
ing parameters for the transition to 6 1T1u: Eug=0.178 Eh
=4.84 eV and ug=2.53ea0,46 where Eh is the hartree, e is
the elementary electric charge, and a0 is the Bohr radius. For
population transfer to 6 1T1u, Pnonad in the case of 1800 nm
excitation is much smaller than that in the 800 nm case, be-
cause more photons are required in the 1800 nm case for
access to 6 1T1u; for ft=0.038 Eh /ea0, Pnonad is 0.01 at 
=800 nm, and it is as small as 3.210−5 at =1800 nm. The
probability of population transfer to 6 1T1u in the case of
excitation by a long-wavelength 1800 nm pulse is thus
expected to be drastically smaller than that in the 800 nm
case. The field strength of ft=0.038 Eh /ea0 corresponds to
the experimentally determined saturation intensity IS=5
1013 W/cm2 for the appearance of C60
+
,
7 i.e., the onset of
strong ionization of C60.
The populations of higher excited states in the 1800 nm
case would be negligible compared to the 800 nm case, be-
cause more optical transitions are required for access to the
higher excited states. In what follows, we assume that the
effects of population transfer to electronic excited states on
ionization and dissociation are secondary in the 1800 nm
case. On the other hand, electronic excited states can be sig-
nificantly populated in the 800 nm case. Fragmentation
through highly excited states populated by field-induced
nonadiabatic transitions is probably one of the reasons why
C60
z+ for z5 are not detected in the 800 nm case.
C. Energies relevant to the stability of C60z+
We now investigate the stability limit of C60
z+ in the case
of long-wavelength 1800 nm excitation on the basis of
the following two assumptions: i For an ultrashort 1800 nm
pulse, tunnel ionization to higher charge states occurs instan-
taneously around the local maximum or minimum of 
t
sudden vertical ionization and the vibrational wave func-
tion does not change until tunnel ionization from C60 occurs.
ii Population transfer to electronic excited states or higher
TD adiabatic states can be ignored, and dissociation pro-
ceeds on the potential surface of the lowest TD adiabatic
state of each cation.
As a result of sudden vertical ionization, the cation pre-
pared in its ground electronic state starts to vibrate with a
vibrational energy. Under the above two assumptions, this
excess vibrational energy stored in C60
z+ upon ionization can
be estimated as the difference between the energy of C60
z+ at
the Ih structure of C60 and the energy of C60
z+ at its equilibrium
structure, i.e., the relative difference EvazEvz−Eaz.
Indeed, the results of our first principle MD simulation47 for
C60
z+ showed that the energy of Evaz is converted to mo-
lecular vibration. For C60
14+
, the C–C bonds start to vibrate
with an “average” period of 80 fs. It takes 15–20 fs for the
cation prepared at the initial Ih structure of C60 to reach the
equilibrium structure of C60
14+
.
It is clear from Fig. 3 that Evaz calculated from Table
I increases steeply for z10, which reflects the large struc-
tural change between C60 and C60
z+ for z10. As shown in
Fig. 2, some of the 30 rp-p values of C60 for instance, by
0.07 for C60
14+, while the increase in rp is relatively small.
We also examined the dependence of Evaz on the spin
multiplicity for the critical charge state of z=12. We obtained
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Evaz=12=2.0 eV for the triplet ground state of C60
12+
,
which is nearly equal to Evaz=12=2.1 eV for the lowest
singlet state.
We next compare Evaz with the lowest barrier heights
for C2-loss dissociations of C60
z+
, denoted by Dz. The values
of Dz of C60
z+ reported by Díaz-Tendero et al.16,17 are plotted
in Fig. 3. This figure shows that for z13, Evaz exceeds
Dz. This means that C60
13+ and C60
14+ prepared upon vertical
ionization eventually fragment.
There are at least two more factors to be included in the
present discussion. The first factor is the total thermal energy
Etherm of C60, which is 5 eV under the experimental condi-
tion that C60 powder is evaporated at 800 K in an oven to
produce an effusive beam.7 The sum of Evaz and Etherm,
plotted in Fig. 3, is regarded as the maximum energy avail-
able for fissions except for the laser-induced impulsive Ra-
man excitation20 discussed in the next subsection. The sec-
ond factor is the kinetic shift Sz, which is the excess energy
scaled from the top of the fission barrier required for the
molecule to fragment through statistical intermolecular vi-
brational energy redistribution within a certain time frame
on the order of microseconds of the mass spectrometer de-
tection system.18
The appearance energies of fragments, Dz+Sz, have
been measured by synchrotron radiation ionization or elec-
tron impact ionization.48,49 It is known that for the C2-loss
dissociations of C60
z+ cations up to z=3, the kinetic shifts are
very large 30 eV.48,49 However, the kinetic shifts are ex-
pected to be small for highly charged C60
z+ e.g., for z9,
because the dissociation rate increases as the fission barrier
height Dz decreases. To assess how the kinetic shift Sz
changes with the charge z, we assume that C2-loss dissocia-
tion is a statistical unimolecular process. Since accurate de-
termination of the transition states of C2-loss dissociation for
highly charged C60
z+ is difficult,16,17 we employed the follow-
ing two simplified treatments to estimate the values of Sz.
We first estimated Sz by using a simple classical RRK
rate formula19 for the C2-loss dissociation rate kz ,Eint of
C60
z+ with an internal vibrational energy Eint,
kz,Eint = aEint − DzEint 
n−1
, 4
where n is an effective number of vibrational degrees of
freedom of C60
z+ and a is assumed to be a proportional con-
stant independent of z. We assume that there exists a thresh-
old rate kt, i.e., the rate beyond which fragments are detected
by the mass spectrometer. The absolute rate of kt would be
on the order of 106–107 s−1. As a reference charge state, we
chose C60
3+
. The threshold rate kt can be set equal to the mini-
mum rate required for the appearance of C2-loss fragments
from C60
3+
, i.e., kz=3,Eint at the known threshold internal
energy Eint=Dz=3+Sz=3, where Dz=3=9.9 eV Refs.
16 and 17 and Sz=25–30 eV:48
kt  a Sz = 3Sz = 3 + Dz = 3n−1. 5
The unknown value of Sz for z3 is determined from the
condition that kz ,Eint=Dz+Sz given by Eq. 4 are
equal to kt in Eq. 5,
a Sz = 3Sz = 3 + Dz = 3n−1 = a SzSz + Dzn−1. 6
Thus, we have a simple relation free from the choice of the
value of n which is usually chosen to be 1/4 to 2/3 of the
total number of vibrational degrees of freedom:
Sz = Sz = 3Dz/Dz = 3 . 7
The values of Dz+Sz obtained in the above RRK
treatment are plotted in Fig. 3. For z12, Evaz+Etherm is
smaller than Dz+Sz, which means that within the time
frame of approximately microseconds parent cations C60
z+ up
to z=12 can be detected, in agreement with the experimental
observation.7
We also estimated the kinetic shift by using the RRKM
rate formula19 instead of Eq. 4. C60 or C60
z+ has 174 vibra-
tional modes. We simply assumed that the 173 vibrational
frequencies of a transition state of C2-loss dissociation re-
main unchanged from those of C60
z+ at its equilibrium struc-
ture, as reported in previous papers on the application of the
RRKM theory to C60.50,51 Two cases were tested for the se-
lection of the vibrational frequencies of the transition state
i.e., for the selection of the vibrational frequency for the
C2-loss reaction mode: out of the 174 vibrational frequen-
cies of the C60
z+ equilibrium structure, we removed H the
highest vibrational frequency or alternatively, L the lowest
frequency. For C60
z+ from z=0 to z=14, the highest wave
numbers of vibrational modes of C60
z+ range from
1450 to 1600 cm−1, and the lowest wave numbers range
from 120 to 250 cm−1.
Employing the above assumptions and the reported val-
ues of Dz,16,17 we evaluated the RRKM rate formula19 for
the C2-loss dissociation of C60
z+ at an internal vibrational en-
FIG. 3. Variation of energies relevant to the stability of C60z+:  denotes the
difference between the energy of C60z+ at the equilibrium structure of C60 and
the energy of C60z+ at its equilibrium structure, i.e., Evaz;  the lowest
fission barrier for C2-loss dissociation, i.e., Dz Refs. 16 and 17;  the
sum of Evaz and the thermal energy Etherm 5 eV under the experimen-
tal condition;  the sum of Dz and the kinetic shift Sz obtained by
using the RRK rate formula; and  the sum of Dz and the “average”
kinetic shift obtained by using the RRKM formula. The upper horizontal bar
above the symbol  in the RRK treatment indicates the value of Dz
+Sz when Sz=3=30 eV is used and the lower bar indicates the value for
Sz=3=25 eV. In the RRKM treatment, Sz=3 is set to be 30 eV.
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ergy Eint, denoted as kz ,Eint. By evaluating kz ,Eint, we
estimated the kinetic shifts Sz for the two cases H and
L. As in the RRK treatment, we set the threshold rate kt
equal to kz=3,Eint at the known appearance energy Eint
=Dz=3+Sz=3. The unknown value of Sz for z3 is
determined from the condition that kz ,Eint=Dz+Sz is
equal to kt, i.e., kz=3,Eint at Eint=Dz=3+Sz=3.
As shown in Fig. 3, the sum of Dz and the kinetic shift
Sz averaged over the two cases H and L crosses with
Evaz+Etherm at z12, where the difference in Sz be-
tween the two cases is as small as 0.1–0.4 eV. This indicates
that C60
z+ up to z=11 or 12 can be detected. The stability limit
of C60
z+ predicted in this RRKM treatment correlates well with
the experimental observation.7 In the region of z11,
Evaz+Etherm steeply increases, whereas Dz+Sz steeply
decreases, indicating that the stability of C60
z+ drastically de-
creases as z increases from z=11 to z=13. According to the
results of this RRKM calculation, the lifetime of C60
11+ at the
internal energy Eint=Evaz=11+Etherm is longer than 1/kt
by six orders of magnitude; the lifetime of C60
11+ is expected
to be on the order of seconds. The RRKM value of the life-
time of C60
12+ is on the order of 1 /kt. In contrast, the RRKM
lifetime for C60
13+ is shorter than 1/kt by four orders of mag-
nitude.
D. Impulsive Raman vibrational excitation
induced by an intense near-IR pulse
So far, we have not included in our discussion the effects
of a near-IR pulse of 1800 nm on vibrational excitation
impulsive Raman excitation20 in the neutral or cation
stages. Using a metal sphere model for the electron response
and a classical molecular mechanics model for the nuclear
response, Bhardwaj et al.7 have discussed the possibility of
vibrational excitation due to field-induced dipole forces.
Here, on the basis of the results obtained by TD adiabatic
state approach,22,23 we discuss how much vibrational energy
is acquired by C60
z+ through impulsive Raman excitation. It
has been shown that the TD adiabatic state approach can
reproduce the bound electronic dynamics and vibrational dy-
namics of H2
+ Ref. 43 and H2 Ref. 52 in intense near-IR
laser fields. We have successfully applied the approach to
investigate the field-induced dynamics of small molecules
such as CO2 Ref. 22 and ethanol.23
To simplify the present discussion, we separate the ef-
fects of impulsive Raman excitation from those of vertical
ionization at the Ih structure of C60. That is, the ground vi-
brational state of C60 or C60
z+ is chosen as the initial vibra-
tional state in the neutral or cation stages. Thus, the excess
vibrational energy upon vertical ionization acquired by C60
z+ is
not included in the following treatment. We again assume
that the nonadiabatic transitions to excited electronic states
higher TD adiabatic states of C60 or C60
z+ are negligible in
the 1800 nm case. Under these assumptions, we examined
the field-induced vibrational dynamics on the lowest TD
adiabatic potential E1Rj , t of C60 or C60
z+ to estimate the
acquired vibrational energy. The time dependence of
E1Rj , t of the lowest TD adiabatic state 
1 is obtained by
solving the eigenvalue equation HRj , t
1=E1Rj , t
1
at different static field strengths 
t. The eigenvalues in the
presence of a static field were obtained by using B3LYP/6
-31Gd.
The period of one optical cycle is much shorter than the
vibrational periods Tvib of C60 or C60
z+
. The vibrational dy-
namics is thus governed by the effective potential E¯ 1Rj , t
obtained by averaging E1Rj , t over one optical cycle; the
single-surface dynamics on E1Rj , t is independent of  as
long as 2 /Tvib is maintained. The cycle-averaged po-
tential E¯ 1Rj , t, which is a function of ft, changes its
shape on the time scale of the pulse length Tp. Here, Tp is
defined as the full width at half maximum of the intensity
f2t /2. If Tvib of a vibrational mode j is much shorter than
Tp, the motion along the vibrational mode j adiabatically
follows the temporal change in E¯ 1Rj , t; the molecule re-
turns to its initial vibrational state at the end of the applied
pulse. In the other limit of TvibTp, the vibrational excita-
tion process is nonadiabatic, but the energy injected into the
vibration mode is small because of its short interaction time.
Large vibrational excitation is expected for the case of
Tvib /2Tp.
If Tvib /2Tp and moreover the polarizability of C60 or
C60
z+ significantly changes along Rj, large vibrational excita-
tion can occur. Therefore, large-amplitude excitation is ex-
pected for the hg1 prolate-oblate breathing mode with
267 cm−1 266 cm−1 in our DFT calculation in the C60
case.
33,34 The corresponding vibrational period Tvib is 125 fs;
thus, the value of Tvib /2 is close to Tp70 fs used in the
experiment.7 The hg1 mode is the lowest frequency mode
of C60.
We first examined the case of C60. The molecule C60 is
elongated along the field polarization direction cf. Fig. 4, of
which the motion can be described by using the potential
E1Rj , t along the hg1 coordinate Rhg, denoted by
E1Rhg , t. For a Gaussian pulse of =1800 nm, Tp=70 fs,
and peak intensity Ipeak=1015 W/cm2, we have propagated
the vibrational wave packet 1Rhg , t on E1Rhg , t by solv-
ing the corresponding TD Schrödinger equation,
− i
1Rhg,t
t
= − 12 2Rhg2Rhg2 + E1Rhg,t1Rhg,t ,
8
where  is the reduced mass of the hg1 mode.
A contour plot of snapshots of the vibrational wave
packet 
1Rhg , t
 is shown in Fig. 4 together with E¯ 1Rhg , t.
The value of Rhg at the potential minimum of E¯ 1Rhg , t shifts
towards positive Rhg as ft increases. The TD adiabatic po-
tential is most distorted at t=0 fs, i.e., at the pulse peak. On
the other hand, the largest prolate structural deformation oc-
curs with a delay of 30 fs, as clearly shown by the trace of
the wave packet. The wave packet cannot adiabatically fol-
low the temporal change in f2t, which brings rather large
excitation 22 eV by the end of the incident pulse.
The vibrational energies acquired by C60 for different
peak light intensities Ipeak are plotted in Fig. 5 as a function
of the pulse length. It is clearly shown that the acquired
energy is maximized around Tp=50 fs, i.e., about a half of
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Tvib of the hg1 mode. In the case of TpTvib, the vibra-
tional excitation process is nonadiabatic but the energy in-
jected into molecular vibration is small because of its short
interaction time, as expected. In the region where TpTvib,
the process is vibrationally adiabatic: the acquired energy is
also small. There exists an optimized pulse length for which
the acquired energy is maximized. We found that the ac-
quired energy is nearly proportional to Ipeak
2.5
, indicating that
the order of the nonlinear process in the present intensity
regime is slightly higher than in the ordinary second-order
Raman process.
We also found that the hg1-like modes for high charge
states are as robust as in the neutral case, regardless of
whether or not an electric field is applied. The vibrational
frequency of the hg1-like mode of C60
12+ is reduced from the
frequency of the hg1 mode of C60 only by 20%. The
cycle-averaged potential E¯ 1Rhg , t of C60
12+ at I
=1015 W/cm2 still maintains high barriers both for the posi-
tive and negative directions of Rhg, as in E¯ 1Rhg , t of C60
shown in Fig. 4. The value of Rhg at the potential minimum
of E¯ 1Rhg , t for C60
12+ is almost the same as that for C60. For
C60
12+
, the energy acquired through impulsive Raman excita-
tion is as large as 15 eV.
The existence of field-induced large-amplitude vibration
of the hg1 or hg1-like mode is also confirmed by our
first principle MD simulation for C60 or C60
z+
. For instance, the
results of the simulation for C60 have shown that a vibra-
tional energy of 25 eV is acquired through the interaction
with an intense near-IR pulse of Tp=70 fs. About 80% of the
energy is localized in the hg1 mode.
In reality the charge z of C60 increases during the inter-
action with a near-IR pulse, but the vibrational energy ac-
quired in each charge state can be accumulated until the end
of the interaction with the pulse. The present wave packet
simulation indicates that the impulsive Raman excitation en-
ergy acquired through the interaction with the whole pulse of
Tp=70 fs and Ipeak1015 W/cm2 is at least 10 eV for any
charge state; this suggests that the accumulated vibrational
energy in C60
z+ is larger than 10 eV.
It should be pointed out that this energy of 10 eV in-
jected into the hg1-like mode by an intense near-IR pulse
can be larger than the appearance energies Dz+Sz for
C60
11+ and C60
12+
, as shown in Fig. 3. This means that C60
11+ or
C60
12+ dissociates within the detection time frame, if all the
energy of the hg1-like vibration is simply converted to the
statistical fragmentation processes through nonlinear vibra-
tional mode couplings. On the other hand, the experimental
results show that ionization of C60 at a long wavelength 
1800 nm is almost fragment-free. This implies that a
breathing delocalized mode such as the hg1-like mode
keeps vibrating for a rather long period and the energy ini-
tially injected into the hg1-like mode does not flow into
fission channels at least over the residence time of the cation
in the acceleration region of the mass spectrometer approxi-
mately microseconds. The results of our first principle MD
simulation for C60 or C60
z+ have indicated that large-amplitude
vibration of the hg1 mode persists after full decay of the
pulse.
FIG. 5. Energy acquired by impulsive Raman excitation in C60 at different
peak light intensities: Ipeak=1015 W/cm2 solid line, 0.91015 W/cm2
broken line, 0.81015 W/cm2 dash-dotted line, and 0.71015 W/cm2
dotted line. The acquired energy as a function of the pulse length is maxi-
mized around Tp=50 fs. The acquired energy at Tp=50 fs is nearly propor-
tional to Ipeak
2.5
.
FIG. 4. Propagation of the vibrational wave packet 
1Rhg , t
 along the
hg1 vibrational coordinate Rhg of C60 when an ultrashort intense Gaussian
pulse centered at time t=0 fs =1800 nm is applied. The full width at half
maximum of the pulse is 70 fs and the peak light intensity Ipeak is
1015 W/cm2. The structures of C60 at different values of Rhg are illustrated
above the panel. The positive value of Rhg indicates a prolate form of C60
and the negative value indicates an oblate form. The line with up and down
arrows by the prolate form indicates the polarization direction of light. The
absolute value of the wave function 
1Rhg , t
 is denoted by solid contour
lines. The cycle-averaged potential E¯ 1Rhg , t is denoted by broken contour
lines at intervals of 5 eV. The potential minimum is set to zero irrespective
of time. The dark shade indicates the lower energy area of E¯ 1Rhg , t.
Through the interaction with the applied pulse, the hg1 vibrational mode is
excited to have a large-amplitude oscillation; the acquired energy due to
impulsive Raman excitation is 22 eV.
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If the light intensity I is larger than a critical intensity of
Ic1.51015 W/cm2, E¯ 1Rhg , t of C60 or C60z+ becomes bar-
rierless in the direction of Rhg0 and nonstatistical fragmen-
tation through field-induced potential barrier suppression
bond softening occurs, if Tp is as long as Tvib /2 of the hg1
mode. Although many aspects of fragmentations, such as the
high kinetic shift observed for the low charge states of C60,
are explained in terms of statistical theory,18,53 recent
experiments54 have also shown that direct, nonstatistical pro-
cesses driven by field-induced bond softening and/or poten-
tial crossing coexist with statistical processes see, for theo-
retical work, Ref. 55.
IV. CONCLUDING REMARKS
We theoretically investigated the stability of highly
charged C60
z+ cations produced with an intense ultrashort laser
pulse of 1800 nm. The equilibrium structures and vibra-
tional frequencies of C60
z+ as well as C60 are calculated by
using DFT/B3LYP. We confirmed that C60
z+ for z14 has a
stable structure. We calculated the excess vibrational energy
Evaz acquired by C60
z+ upon sudden tunnel ionization and
estimating the kinetic shift Sz for C60
z+
. From the calculated
values, we found for z11 or 12 that the total excess vibra-
tional energy Evaz+Etherm is smaller than the appearance
energy Dz+Sz of C2-loss fragments, where Etherm is the
thermal energy of C60
z+ and Dz is the fission barrier height
for C2-loss dissociation. This indicates that C60
z+ cations up to
z12 can be produced as a stable or quasistable intact parent
cation, in good agreement with the experimental observation
that almost only intact parent C60
z+ cations up to z=12 are
produced with an intense 70 fs, 1800 nm pulse. According to
the results of the RRKM treatment, the lifetime of C60
z+ dras-
tically decreases by ten orders of magnitude as z increases
from z=11 to z=13.
Using the TD adiabatic state approach, we also investi-
gated the impulsive Raman excitation of C60 or C60
z+ by an
intense near-IR pulse of =1800 nm. The results of the vi-
brational wave packet propagation indicate that the energy
injected into the hg1-like mode 10 eV can be larger
than the fragment appearance energy of C60
11+ or C60
12+
. This
implies that even C60 cations with large-amplitude vibration
of the hg1-like mode can survive for a period of 1 s.
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